Sex chromosomes differentiated from different ancestral autosomes in various vertebrate lineages. Here, we trace the functional evolution of the XY Chromosomes of the green anole lizard (Anolis carolinensis), on the basis of extensive high-throughput genome, transcriptome and histone modification sequencing data and revisit dosage compensation evolution in representative mammals and birds with substantial new expression data. Our analyses show that Anolis sex chromosomes represent an ancient XY system that originated at least ≈160 million years ago in the ancestor of Iguania lizards, shortly after the separation from the snake lineage. The age of this system approximately coincides with the ages of the avian and two mammalian sex chromosomes systems. To compensate for the almost complete Y Chromosome degeneration, X-linked genes have become twofold up-regulated, restoring ancestral expression levels. The highly efficient dosage compensation mechanism of Anolis represents the only vertebrate case identified so far to fully support Ohno's original dosage compensation hypothesis. Further analyses reveal that X up-regulation occurs only in males and is mediated by a male-specific chromatin machinery that leads to global hyperacetylation of histone H4 at lysine 16 specifically on the X Chromosome. The green anole dosage compensation mechanism is highly reminiscent of that of the fruit fly, Drosophila melanogaster. Altogether, our work unveils the convergent emergence of a Drosophila-like dosage compensation mechanism in an ancient reptilian sex chromosome system and highlights that the evolutionary pressures imposed by sex chromosome dosage reductions in different amniotes were resolved in fundamentally different ways.
Sex chromosomes differentiated from different ancestral autosomes in various vertebrate lineages. Here, we trace the functional evolution of the XY Chromosomes of the green anole lizard (Anolis carolinensis), on the basis of extensive high-throughput genome, transcriptome and histone modification sequencing data and revisit dosage compensation evolution in representative mammals and birds with substantial new expression data. Our analyses show that Anolis sex chromosomes represent an ancient XY system that originated at least ≈160 million years ago in the ancestor of Iguania lizards, shortly after the separation from the snake lineage. The age of this system approximately coincides with the ages of the avian and two mammalian sex chromosomes systems. To compensate for the almost complete Y Chromosome degeneration, X-linked genes have become twofold up-regulated, restoring ancestral expression levels. The highly efficient dosage compensation mechanism of Anolis represents the only vertebrate case identified so far to fully support Ohno's original dosage compensation hypothesis. Further analyses reveal that X up-regulation occurs only in males and is mediated by a male-specific chromatin machinery that leads to global hyperacetylation of histone H4 at lysine 16 specifically on the X Chromosome. The green anole dosage compensation mechanism is highly reminiscent of that of the fruit fly, Drosophila melanogaster. Altogether, our work unveils the convergent emergence of a Drosophila-like dosage compensation mechanism in an ancient reptilian sex chromosome system and highlights that the evolutionary pressures imposed by sex chromosome dosage reductions in different amniotes were resolved in fundamentally different ways.
[Supplemental material is available for this article.]
Sex determination in vertebrates is triggered during development by environmental cues or, genotypically, through the activity of master regulator genes on sex chromosomes, which differentiated from ancestral autosomes during evolution through recombination arrests resulting from chromosomal inversion events (Bachtrog 2013) . Sex chromosomes have recently been thoroughly investigated across mammals and birds using large-scale genomics approaches, which provided detailed insights into the origins, differentiation patterns, and functional evolution (including the evolution of dosage compensation mechanisms) for the two distinct male heterogametic (XY) systems in mammals and the common avian female heterogametic (ZW) system ( Fig. 1 ; Julien et al. 2012; Mank 2013; Cortez et al. 2014; Zhou et al. 2014; Graves 2016 ). Cytogenetic and individual gene studies suggest an astounding diversity of both ZW and XY sex chromosome systems in other vertebrate lineages ). However, while various studies have shed light on sex chromosome evolution in reptiles and fishes (e.g., Chen et al. 2014; White et al. 2015; Rovatsos et al. 2016; Yin et al. 2016; Rupp et al. 2017) , integrated genome-scale investigations of the origins and functional adaptations of vertebrate sex chromosomes outside of mammals and birds remain scarce.
The ancestral lineages of mammals and reptiles diverged from the common amniote stem lineage approximately 310 million years ago ( Fig. 1 ; Alfoldi et al. 2011; Wang et al. 2013) . Within ancestral reptiles, in turn, the lineage giving rise to extant crocodilians/birds (archosaurs) and turtles diverged from that of other reptiles (lepidosaurs; giving rise to extant lizards, snakes, and tuatara) approximately 280 million years ago ( Fig. 1 ; Alfoldi et al. 2011; Wang et al. 2013) . Apart from birds (see above), various sex chromosome systems (both ZW and XY) and temperature-dependent systems have been inferred for extant reptiles through cytogenetic and individual gene studies, suggesting a dynamic evolutionary turnover of sex determination systems in this group of species (O'Meally et al. 2012) .
Previous work reported the genome sequence and presence of heteromorphic XY Chromosomes for a key lizard model speciesthe green anole (Anolis carolinensis) ( Fig. 1 ; Alfoldi et al. 2011 ). This opened the opportunity to study the functional evolution of an amniote male heterogametic sex chromosome system outside of mammals. The distribution and karyotypic patterns of this XY system within the large Anolis genus and its presence in other (pleurodont) lizards has been established (Rovatsos et al. 2014a,c; Giovannotti et al. 2016) , and a recent study made initial suggestions regarding the evolution of dosage compensation in this system based on expression data for green anole tail samples (Rupp et al. 2017 ). However, a detailed genome-scale investigation of the origins and functional evolution of the Anolis XY system has been lacking.
Results

Generation of transcriptome, genome, and epigenome data for Anolis and other tetrapods
To be able to explore in detail the evolution of the green anole sex chromosomes in the context of those from other amniotes, we generated transcriptomic, genomic, and histone modification data for Anolis and representative tetrapod species ( Fig. 1 ; Methods). For Anolis, we collected transcriptome data using high-throughput strand-specific RNA sequencing (RNA-seq) for 30 adult and 48 embryonic samples (covering most of prehatching development) representing six organs (brain, heart, kidney, liver, testis/ovary) or whole embryos (stage definition is as previously established) (Supplemental Tables S1, S2 ; Sanger et al. 2008) . In addition, we produced high-throughput genomic sequencing (DNA-seq) data for a male and three female anoles. Moreover, following a key observation (see further below), we generated Anolis ChIP-seq (chromatin immunoprecipitation followed by DNA sequencing) data for the histone modification H4K16ac (acetylation of histone H4 on lysine 16), a marker of transcriptional activity (Dion et al. 2005; Shogren-Knaak et al. 2006; Taylor et al. 2013) , for eight samples (brain and liver samples from two male and two female individuals, respectively).
Although we and others had previously collected extensive RNA-seq data for representative tetrapods (Brawand et al. 2011; Cortez et al. 2014; , we generated completely new tetrapod data sets for the purpose of this project using the same stranded RNAseq protocol as employed for Anolis, in order to ensure optimal cross-species comparability in our biological analyses. We thus generated strand-specific RNAseq data (108 samples) for the corresponding six organs from representatives of the three major mammalian lineages (placental mammals: human, mouse; marsupials: gray short-tailed opossum; monotremes: platypus), a bird (red junglefowl, a nondomesticated chicken), and a frog (Xenopus tropicalis) (Supplemental Tables S1,  S2 ). Finally, for one specific analysis (sex chromosome dating), we generated DNA-seq data for a male Fiji banded iguana (Supplemental Tables S1, S2 ).
The Anolis Y gene repertoire and sex chromosome origination
To reconstruct the green anole Y gene repertoire, we applied a previous male-female transcriptome/genome subtraction approach (Methods; Cortez et al. 2014) . We identified seven Y genes with complete coding sequences and their X counterparts (gametologs), several truncated pseudogenes, and many noncoding RNA sequences (Table 1; Supplemental Table S3 ). The RTDR1 gene is the only previously reported Y-linked gene in Anolis and was used for sexing individuals . Although our procedure might potentially have failed to identify a few genes that are not expressed in tissues and/or developmental stages covered by our data, the small Anolis Y repertoire indicates a dramatic erosion of genes on the anole Y, similar to that reported for other heteromorphic Y/W Chromosomes in amniotes (Cortez et al. 2014; Zhou et al. 2014) .
To trace the evolutionary origin of the seven Y genes (i.e., the time at which they began to evolve independently of their X gametologs) and hence of the Anolis sex chromosome system as a whole, we reconstructed phylogenetic trees for the green anole Y and X gametologs and one-to-one (1:1) orthologs from representative tetrapod species (Supplemental Figs S1-S4; Methods). Trees reconstructed with different methods for two genes, RPL6 and PPP1CC, robustly support a divergence of the Y and X clades in the common ancestor of Iguania (Anolis, Fiji banded iguana, and an agamidthe bearded dragon, Pogona vitticeps) (Fig. 1) . Reconstructions for the other genes indicate more recent differentiation events (DENR, EWSR1, SLC5A1) or are not fully informative, due to the (Cortez et al. 2014 ) and the age of the Anolis XY system as estimated in this study (see main text and Supplemental Fig. S1 ). Note that the age of the emergence of the snake ZW system and Pogona ZW system are not precisely known (see main text). Lineages for which RNA-seq data were generated in this study are marked by an asterisk.
lack of key outgroup orthologs (RTDR1) or inconclusive branching patterns (UBE2L3) (Table 1; Supplemental Fig. S4 ).
Together with an analysis of synonymous sequence divergences before and after Y/X differentiation, as well as species divergence time estimates (Methods ; Cortez et al. 2014) , our phylogenetic analyses of RPL6Y and PPP1CCY, which likely belong to the first Y stratum, suggest that the Anolis sex chromosome system emerged in the ancestor of all Iguania ≈160 million years ago (95% confidence interval: 149-172 million years) (Supplemental Fig.  S1 ). It therefore has a roughly similar age as both mammalian XY systems and the avian ZW system (Fig. 1) . However, we note that the precision of such "absolute" age estimates ultimately relies on fossil calibration points, which may not always be accurate. We also note that it remains possible that our approach failed to detect the actual original Y stratum, either because genes in this stratum are not expressed in tissues/stages covered by our data (see above) or because this stratum was lost during evolution. Therefore, our age estimate might represent a lower bound. In any event, the old phylogenetic age of the Anolis sex chromosomes explains the almost complete erosion of its Y Chromosome (see above) and also implies the loss of the ancestral Iguania XY system and origination of the completely new ZW system in the bearded dragon lineage (Ezaz et al. 2009 ). This turnover might have been recent, given that the bearded dragon ZW system probably originated only some time before the Pogona species radiation, which started ≈5-7 million years ago (A Georges, pers. comm.).
Our finding of an origination of the Anolis XY system in the common Iguania ancestor (i.e., the common ancestor of pleurodonts and acrodonts [Vidal and Hedges 2009] ) is consistent with recent work Rovatsos et al. 2014c) showing that pleurodonts (e.g., Anolis/iguana) share the same XY system, but it is at odds with a modeling study suggesting that the pleurodont XY and acrodont (e.g., bearded dragon) ZW systems evolved independently from an ancestral temperature-dependent system (Gamble et al. 2015) . However, we note that it is difficult to infer ancient sex chromosome origins based on current distributions of sex chromosome systems, as was done in , because of the frequent turnover of sex determination mechanisms, especially in reptiles (O'Meally et al. 2012; Gamble et al. 2015) . In contrast, phylogenetic analyses based on the divergence of Y and X gametologs relative to lineage divergence nodes, as presented above, allow for robust phylogenetic dating of sex chromosome differentiation events when branching patterns show strong statistical support.
Y expression evolution
None of the seven Y genes are orthologous to any of the genes known to play roles in the vertebrate sex determination cascade (Table 1 ; Kashimada and Koopman 2010) . Thus, the identification of the Anolis sex determination mechanism warrants further work. Nevertheless, we used the transcriptome data to illuminate the functional evolution of Anolis Y and X gametologs. We compared current XY expression patterns in adult organs to those inferred for their proto-sex chromosomal precursors based on median expression levels of autosomal orthologs in species with different sex chromosome systems. This approach was previously shown to reliably reflect global ancestral expression patterns (Julien et al. 2012; Mank 2013; Cortez et al. 2014; Vicoso and Bachtrog 2015) .
The analysis suggests that three of the seven Y genes (PPP1CCY, DENRY, SLC5A1Y) evolved testis-specific expression after sex chromosome differentiation, whereas their X counterparts retained ancestral expression patterns (Supplemental Fig. S5A ). One proto-sex chromosome gene, RTDR1, was already gonad-specific and maintained this specificity on both the Y and X in adult males and females. The three remaining Y genes (RPL6Y, UBE2L3Y, Fig. S5B ), likely reflecting the same relaxation of selective constraint that led to the erosion of the Y gene content (Bachtrog 2013; Cortez et al. 2014) . Analyses of the developmental data revealed that Anolis Y genes often diverged from their X counterparts in terms of their ontogenetic trajectories and that Y genes are generally more lowly transcribed (Supplemental Fig. S6 ). Overall, these patterns are consistent with previous observations in other amniotes (Bellott et al. 2014; Cortez et al. 2014) : Y genes generally lose expression output with time; certain Y genes evolve male-specific functions in spermatogenesis, whereas others (dosage-sensitive genes) are retained to maintain the ancestral (proto-sex chromosomal) gene dosage together with their X counterparts; the function of ancestral X gametologs is generally preserved.
The evolution of dosage compensation in the green anole and other amniotes A major consequence of sex chromosome differentiation is the reduction in gene dosage relative to the ancestral autosomal precursors due to the massive gene loss on the Y Chromosome ( Fig. 2A,B ; Graves 2016). It is thought that mechanisms evolved to compensate for this loss ( Fig. 2C-E) . In particular, a prevailing theory, originally put forward by Susumu Ohno (Ohno 1967) , posits that a twofold up-regulation of the genes on the X Chromosome may generally restore ancestral expression outputs and thus also maintain the balance between X-linked and autosomal gene expression. In addition, unless the up-regulation mechanism is specific to , males effectively retain only one of the ancestral copies for most genes). Several scenarios for how this dosage reduction was compensated have been proposed and/or described; three prominent scenarios are outlined in panels C-E. (C) A twofold up-regulation of all X-linked genes in both sexes is secondarily compensated by the inactivation (black symbols) of one X Chromosome in females (Ohno's hypothesis) (Ohno 1967) . This scenario applies to at least several tissues of marsupials (imprinted XCI is present in marsupials) ( Fig. 3A ; Grant et al. 2012) . (D) The expression output of the X Chromosome remains unchanged in both sexes, and one of the female X Chromosomes is secondarily inactivated. This scenario is observed-at least globally and at the transcriptional level-in placentals ( Fig. 3A ; Julien et al. 2012; Lin et al. 2012; Mank 2013) . Note that it is not clear in this scenario how a dosage reduction without expression increase could be tolerated and why random X inactivation evolved in these mammals; i.e., this scenario is shown because it illustrates the currently known placental pattern. Alternative mechanisms (e.g., down-regulation of autosomal partner genes, translational up-regulation) likely contributed to dosage compensation of haploinsufficient genes in this scenario (see main text). (E) Females retained two active X Chromosomes and a male-specific epigenetic mechanism prompted a twofold up-regulation of the X Chromosome in males. This scenario is observed in both Drosophila (Conrad and Akhtar 2012) and Anolis (this study; Conrad and Akhtar 2012).
males (like in Drosophila) (Fig. 2E; Conrad and Akhtar 2012) , the overabundance of X transcripts in females, which results from the combined activity of the two up-regulated X Chromosomes, would lead to the evolution of a compensation mechanism that involves the inactivation of one of the female X Chromosomes (X Chromosome inactivation, XCI) ( Fig. 2C,D) . To assess the extent to which the almost complete loss of Y genes led to the emergence of X dosage compensation mechanisms in the green anole and, for comparison, to revisit dosage compensation evolution across the other amniotes, we first compared current X (Z for chicken) expression levels with ancestral (proto-sex chromosomal) expression levels, which were inferred from expression levels of autosomal orthologs from outgroup species (see also XY gametolog analysis above) (Julien et al. 2012; Mank 2013; Cortez et al. 2014; Vicoso and Bachtrog 2015) . Strikingly, the current (median) X expression level in Anolis is statistically indistinguishable from the inferred ancestral level (Fig.  3A) . Therefore, the massive gene loss on the anole Y apparently triggered a global twofold X up-regulation. This up-regulation not only restored ancestral expression levels but also led to highly similar median X expression levels between the two sexes in adults and throughout embryonic development (Fig. 3B ). However, without additional data (e.g., evidence for XCI or a male-specific chromatin machinery; see details below), it is impossible to distinguish between the two principle scenarios of dosage compensation outlined above; that is, a Drosophila-like scenario, where the X is twofold up-regulated specifically in males, while females simply retained the ancestral expression output through two active X Chromosomes (Fig. 2E) , and an alternative scenario where X upregulation occurs in both sexes and females therefore acquired XCI (Fig. 2C) . In both scenarios, the current X expression output is the same in both sexes and similar to ancestral levels.
In this context, we would like to compare a previous Anolis study that was based on regenerating tail samples (Rupp et al. 2017 ) to the present results. First, the authors of that study inferred X dosage compensation patterns in Anolis through comparisons of Figure 3 . Expression level evolution of X-linked genes across amniotes. (A) Ratios of current expression levels of X-linked genes (median value) and their ancestral expression levels (median value) in four somatic tissues and gonads. Multiple outgroup species were used to calculate the ancestral expression levels (for therians: chicken, platypus, Anolis, Xenopus; for chicken/platypus: mouse, opossum, Anolis, Xenopus; for Anolis: mouse, opossum, chicken, platypus, Xenopus; note: human was not used as an outgroup anywhere, given that no ovary data were available). Full circles represent female tissues, whereas empty circles represent male tissues. Significant differences (Mann-Whitney U test): Benjamini-Hochberg-corrected P < 0.05 of current to ancestral ratios compared to reference values 1, 0, and −1. Orange squares indicate a current to ancestral ratio not significantly different from 0 (i.e., expression levels of X-linked genes have been preserved during evolution). Black squares indicate a current to ancestral ratio not significantly different from −1 but different from other reference values (i.e., expression levels decreased twofold during evolution). Green squares denote a current to ancestral ratio not different from −1 and 0, and gray squares indicate ratios different from −1, 0, and 1. For chicken, Z-linked genes were analyzed. We observe very similar patterns when using chicken or Xenopus as an outgroup (Supplemental Fig. S9 ). (B) Male to female expression level ratios in four somatic tissues and gonads across amniotes. Error bars indicate maximum and minimum values, excluding outliers. Tests of significance are analogous to those indicated for panel A. All underlying expression values are calculated as FPKM. (C) Median values (across the four somatic organs: brain, heart, liver, kidney) calculated from ratios of current expression levels of Anolis or human genes compared to current expression levels of 1:1 orthologous genes in chicken (the outgroup). Individual gene ratios were grouped following the chromosomal annotation in chicken and the median values for each chromosome are indicated and sorted in descending order (black and pink dots). Density diagrams represent the distribution of median values. In pink: median values for all genes in Chromosomes 4 and 15 of chicken (marked as "all") and those with only 1:1 orthologous genes in the Anolis and human X Chromosomes (marked as "1to1 X"). Note that genes in chicken Chromosome 4 are only partially corresponding to human X-linked genes, while genes in the Anolis X almost entirely correspond to orthologs in chicken Chromosome 15. See Supplemental Figure S8 for the complete list of used autosomes. current expression levels between males and females and between the X and autosomes. This approach may not be optimal (Julien et al. 2012; Mank 2013) , given that it assumes that all chromosomes have the same overall expression levels, which is not always the case. Moreover, the relatively small data set used, the use of different pieces of regenerating tails as biological replicates, and the fact that the authors did not focus on the genes that triggered the original dosage compensation response (i.e., genes present on the proto-sex chromosomes) may explain why they-contrary to our study ( Fig. 3; Supplemental Fig. S7 )-infer incomplete X up-regulation and substantial differences in the extent of up-regulation (i.e., differences in male-to-female or X-to-autosome ratios) across different X portions and the two studied female individuals. Second, while the authors suggest that their results (X up-regulation, inferred from X-to-autosome comparisons) were suggestive of a male-specific mechanism, it is worth noting that gene expression level comparisons alone cannot distinguish between the possibilities of male-specific up-regulation or up-regulation in both sexes followed by XCI in females, as explained above (Fig. 2) .
Before we describe a detailed exploration of the Anolis dosage compensation mechanism based on additional epigenomic data, we first report current-to-ancestral expression comparisons for the other species, to put the Anolis up-regulation pattern in perspective. These cross-amniote analyses confirm the previously observed patterns that were based on other (non-strand-specific) data sets ( Fig. 3A ; Julien et al. 2012; Lin et al. 2012; Mank 2013; Graves 2016) . Namely, the X expression output in placentals is generally only half of the protosex chromosomal one, suggesting a lack of global X up-regulation in these mammals (i.e., a pattern consistent with the scenario in Fig. 2D ), whereas marsupials, which have the same sex chromosome system (Foster and Graves 1994) , show signs of global upregulation in several tissues. Monotremes and birds show signals of partial up-regulation in the heterogametic sex. We note that the particularly reduced expression levels in the therian testis (Fig. 3A) reflect the effect of meiotic sex chromosome inactivation (MSCI), a mechanism that leads to transcriptional silencing of sex chromosomes in male meiotic germ cells (Turner 2015) and evolved upon sex chromosome differentiation (Potrzebowski et al. 2008; Julien et al. 2012) . Importantly, as also previously shown (Julien et al. 2012) , autosomes retained ancestral (median) expression levels during evolution. Consequently, the placental X, for example, falls as a clear outlier relative to other chromosomes in the current-to-ancestral gene expression comparisons, contrary to the Anolis X ( Fig. 3C; Supplemental Fig.  S8 ). Furthermore, the aforementioned patterns are robust to the choice of outgroup (Supplemental Fig. S9 ). These control analyses therefore further validate the approach to use autosomal orthologs from outgroup species to assess proto-sex chromosomal expression patterns. They also validate the observation of the striking difference in patterns between placentals (i.e., the lack of global X up-regulation) and the Anolis (Iguania) system (twofold up-regulation), which provides the first unambiguous support for the key aspect of Ohno's dosage compensation hypothesis in vertebrates.
Mechanisms of dosage compensation in the green anole-a Drosophila-like mechanism?
To investigate the mechanism underlying dosage compensation in Anolis, we considered the possibility of a Drosophila-like mechanism by screening for male-biased expression of factors that could underlie such male-specific X up-regulation. The top five most male-biased genes included an interesting gene, APBB1 (also called FE65) (Supplemental Table S4 ). The encoded protein, APBB1, is a cofactor required by KAT5 (also called TIP60), a histone acetyl transferase from the MYST superfamily, to up-regulate genes by acetylating nucleosomal histones, including residue K16 of histone 4 ( Fig. 4A ; Stante et al. 2009; Taylor et al. 2013 ). H4K16 acetylation is crucial for chromatin structure and function in eukaryotes; by hampering nucleosome interactions, it reduces levels of chromatin compaction, facilitating transcription (Dion et al. 2005; ShogrenKnaak et al. 2006; Taylor et al. 2013) . APBB1 is 1.5-2 times more highly expressed in males in all Anolis organs, whereas it is not sex-biased in all other species (Fig. 4B) . It therefore evolved male-biased expression on the lineage leading to anole lizards, presumably following Iguania sex chromosome differentiation. APBB1 gene expression is not sex-biased in Pogona (Supplemental Fig. S10 ), which implies that the expression profile of this gene was probably readjusted following the XY sex system loss in this lineage.
Notably, in Drosophila melanogaster, X up-regulation is achieved by global acetylation of H4K16 on the X through the MYST family histone acetyl transferase MOF, which is activated by the male-specific cofactor MSL2 (which binds to X-specific sequence motifs) (Hilfiker et al. 1997; Conrad and Akhtar 2012) . Our observations for Anolis are therefore reminiscent of the wellcharacterized male-specific X up-regulation mechanism of fruit flies and raise the intriguing possibility that the Anolis dosage compensation system is not only male-specific, as in Drosophila, but that the systems in these two highly diverged lineages also have similar mechanistic foundations that emerged convergently during evolution.
A Drosophila-like mechanism: male-and X-specific hyperacetylation of chromatin at H4K16 in Anolis To explore whether histone 4 acetylation is indeed central to the Anolis dosage compensation system, we generated and analyzed H4K16ac ChIP-seq data for brain and liver samples from males and females. We first assessed global features of H4K16ac across the Anolis genome based on input-normalized H4K16ac quantifications. These analyses reveal H4K16ac domains encompassing gene bodies, with signal peaks at transcription start sites (TSS) ( Fig. 5; Supplemental Fig. S11 ). Intergenic regions show significantly lower H4K16ac levels (P < 10 −10 , Mann-Whitney U test) (Fig. 5C) . Importantly, active genes, in particular those with higher expression levels, have higher H4K16ac levels than lowly expressed/inactive genes (P < 10
, Mann-Whitney U test) (Fig. 5A,  B) . Together, these data establish H4K16ac as a transcriptional activation mark in Anolis, consistent with the chromatin-modulating roles previously described for other eukaryotes (Dion et al. 2005; Shogren-Knaak et al. 2006; Taylor et al. 2013) .
We then set out to compare H4K16ac patterns between males and females. Strikingly, while all autosomes show similar (low) H4K16ac levels in males and females, H4K16ac levels on the X Chromosome are substantially elevated in males relative to females (P < 10 −10 Mann-Whitney U test) ( Fig. 6 ; Supplemental
Figs. S12A,B, S13), resulting in an average male-to-female acetylation level ratio for the X Chromosome of 1.4 (±0.029) in brain and 1.8 (±0.039) in liver. Notably, X hyperacetylation in males extends to intergenic regions (Supplemental Fig. S12B ). Autosomal acetylation levels are very similar between males and females (ratio brain: 0.98 ± 0.004, liver: 1.03 ± 0.004). The fact that H4K16ac levels are slightly higher on the X than on autosomes also in females ( Fig.  6; Supplemental Fig. S12A,B) is likely due to the higher proportion of expressed genes on the X (Supplemental Fig. S12C ). These results suggest male-specific X up-regulation through X hyperacetylation, whereas they are not compatible with a scenario of twofold up-regulation in both sexes coupled with XCI in females. Namely, even if we simulate with our data a scenario in which the H4K16ac signal in females stems entirely from one transcriptionally active and hyperacetylated X (while the other X is silenced and completely hypoacetylated), H4K16ac levels remain significantly (1.37-fold) higher on the male than female X in the liver (P < 10 −5 , Mann-Whitney U test) (Supplemental Fig. S14 ). Consistently, allelic expression analyses based on our bulk tissue RNA-seq data and matched genomic data (Methods) demonstrate that expression levels of the alleles are overall statistically indistinguishable across X genes in all female tissues (Supplemental Fig. S15 ), which rules out the possibility of imprinted XCI in Anolis. Finally, allelic analyses of single-cell brain transcriptome data and matched genomic data reveal biallelic expression on the female X similar to that on autosomes (Supplemental Fig. S16 ; Supplemental Table S6 ), which also excludes the presence of random X inactivation across Anolis cells. Collectively, our analyses thus provide strong support for a dosage compensation mechanism in Anolis that is highly reminiscent of that in Drosophila and involves a male-specific chromatin machinery that yields twofold X up-regulation in males through hyperacetylation at H4K16 exclusively across the X Chromosome.
Discussion
In this study, we describe the origin and functional evolution of the Anolis XY Chromosome system based on comprehensive transcriptome, genome, and epigenome data sets. We found that the Anolis sex chromosomes represent an ancient reptilian system that emerged at least ∼149-172 million years ago in the ancestor of Iguania lizards, which is even earlier than the previously suggested origination in the pleurodont ancestor (Rovatsos et al. 2014c; Gamble et al. 2015 ). Thus, four major amniote sex chromosome systems might have emerged within a relatively short time span in the Jurassic Figure S11 contains similar plots for all samples. Active genes: FPKM ≥ 1, inactive genes: FPKM < 1. Statistical (Mann-Whitney U ) test significance levels: (n.s.) not significant; ( * ) P ≤ 0.05; ( * * ) P ≤ 0.01; ( * * * ) P ≤ 0.001; ( * * * * ) P ≤ 10 −10 .
and/or early Cretaceous Period ( Fig. 1; Supplemental Fig. S1 ; Cortez et al. 2014 ; this study). While this concurrence may represent a mere coincidence and molecular dating relies on potentially inaccurate fossil calibration points, one might at least speculate that this observation reflects common or similar changes in environmental conditions, which necessitated genotypic rather than temperature-dependent sex determination in various amniotes. Our functional evolutionary analyses of the green anole sex chromosomes revealed that the evolutionary Y expression dynamics resemble those of Y Chromosomes in mammals (Bellott et al. 2014; Cortez et al. 2014 ). In particular, while certain Y genes evolved male-specific expression, others (potentially haploinsufficient genes) retained ancestral expression patterns. However, the almost complete erosion of all other Y genes triggered the evolution of a highly efficient dosage compensation system, in which the loss of Y gene copies was compensated by a global twofold up-regulation of ancestral X-linked partners (Figs. 3, 7) .
At the same time, we confirmed earlier observations that placentals lack such global up-regulations (Julien et al. 2012; Lin et al. 2012) , whereas marsupials show full up-regulation in some tissues and monotremes and birds show partial up-regulation (Figs. 3, 7 ; Julien et al. 2012) . Consequently, there is indeed no sign of global X up-regulation in placentals, contrary to some suggestions based on comparisons of expression levels between the current X and autosomes (Nguyen and Disteche 2006; Deng et al. 2011) , an approach that is not well suited to trace evolutionary up-regulation of proto-sex chromosomal genes (Julien et al. 2012 ), although, notably, other X-to-autosome comparisons also did not reveal global X up-regulation (Xiong et al. 2010 ). In all species in which ancestral X (Z) transcript levels were not globally restored in all organs, a combination of various alternative mechanisms may have compensated for the dosage reduction of haploinsufficient genes following Y degeneration. These include the transcriptional upregulation of individual X-linked genes or down-regulation of selected autosomal partners (Julien et al. 2012; ; selective preservation of Y genes (Bellott et al. 2014; Cortez et al. 2014) ; relocalization of XY genes or export of duplicate copies to autosomes (Potrzebowski et al. 2008; Hughes et al. 2015; Carelli et al. 2016) ; duplication of genes on the X (Julien et al. 2012) ; and/or X up-regulation at the posttranscriptional (e.g., translational) level (Faucillion and Larsson 2015) . A full evaluation of the relative contributions of these mechanisms to sex chromosomal dosage compensation in different lineages requires further work. Such work may then also clarify the actual forces underlying the evolution of chromosome-wide XCI in placentals; given the lack of global X up-regulation (Figs. 2D,  3A) , the reasons for the emergence of this secondary dosage compensation mechanism in this mammalian lineage remains enigmatic.
Collectively, our comparative analyses show that the Anolis system represents the only vertebrate case identified to date to solidly and fully support the key component (twofold X up-regulation) of Ohno's original dosage compensation hypothesis Upper plots show data for the input (i.e., DNA prior to immunoprecipitation), which illustrate that the male X has only approximately half the coverage compared to autosomes and female X, consistent with the hemizygous state of male Anolis sex chromosomes. Lower plots display the input-normalized ChIP-seq signals and show the H4K16ac enrichment on the male X. All chromosomes are scaled to the same length; pink and light blue shaded areas around profile lines correspond to 95% confidence intervals. See Supplemental Figure S13 for the full data set (both organs, all replicates). Contig names correspond to those defined in the original Anolis genome paper (Alfoldi et al. 2011) . ( (Ohno 1967) . However, we note that our data for marsupials indicate that dosage compensation patterns in these mammals also match Ohno's prediction, at least in several organs (Figs. 3A, 7; see also Julien et al. 2012) . Intriguingly, we find the Anolis X upregulation to be specific to males and to be achieved by a malespecific chromatin machinery that leads to global hyperacetylation of H4K16 across the X Chromosome. Our data suggest a key role of the male-biased expression of APBB1 (a cofactor of the MYST histone acetyl transferase KAT5) in this process. The Anolis mechanism is remarkably similar to that of Drosophila, where H4K16 hyperacetylation is also central to X dosage compensation and is mediated by male-specific expression of a MYST histone acetyl transferase cofactor (MSL2). The independent emergences of these two dosage compensation systems in these two highly divergent animal lineages therefore represent a remarkable case of convergent evolution. Future endeavors will uncover mechanistic details of the Anolis system, similarly to the long-standing work on the mechanism of Drosophila melanogaster (Conrad and Akhtar 2012) , and hence reveal the extent of convergent evolution between the Anolis and Drosophila systems at a finer molecular scale.
Methods Transcriptome data generation (bulk tissue samples)
We generated strand-specific RNA-seq libraries (using the Illumina TruSeq Stranded mRNA Library protocol) for a total of 186 samples from the green anole and other representative amniotes (see main text; Supplemental Tables S1, S2). Sample size (minimum one male and one female for each species) was established to have a wide spectrum across amniotes and to capture general male/female sex-specific patterns. Each source RNA was of high quality, as assessed using a Fragment Analyzer machine from Advanced Analytical (RIN median = 9, RQN median = 8; note that some measured RIN/RQN values are low, but manual inspection of the QC data revealed acceptable quality) (Supplemental Table S2 ). Each library was sequenced on Illumina HiSeq 2500 platforms at the Lausanne Genomic Technologies Facility (https://www.unil.ch/ gtf/en/home.html). At least 17 million sequencing reads (100 nt, single-end) were produced for each library (median: 34 million reads) (Supplemental Table S2 ). Embryonic samples were sexed using the following male-specific primers: UBE2L3Y gene, forward: CCACTTGTGAGAAAGAGTTACAGAATG, reverse: GATATACATA CACGAGACTGACAGCTAAC; PPP1CCY gene, forward: CTTTCT GCTAGTTCAAGTTGTTCTTCC, reverse: GAAAATGACAGAGGA GTATCTTTCACC; DENRY gene, forward: AGCATGATGGTCTTACTTCCTTAGGTT, reverse: AATATGTTACAAGAGTGTGTG GTCT CG; RPL6Y forward: TGATCTACA CCAGTCGCAACCA, reverse: GCGCTC ATACATTGCCTTATGGG. These primers were designed to specifically amplify Y sequences; PCR reactions with female DNA did not show any amplification. Male/female DNA from 10 individuals was extracted using a standard phenol/chloroform protocol. PCRs were performed with JumpStart REDTaq ReadyMix (Sigma-Aldrich) according to the manufacturer's protocol at 61°C for the annealing step. PCR reactions were run on agarose gels, and male-specific DNA bands were extracted and purified using GenElute Agarose Spin Columns (Sigma-Aldrich) and sequenced using standard Sanger sequencing (trace files available at Supplemental_Data.zip). Resulting sequences were confirmed using established Y transcripts.
Transcriptome data generation (single cells)
An adult female green anole (Anolis carolinensis), obtained from a commercial supplier (Aquaterra Shop), was sacrificed by rapid decapitation, and the whole brain was immediately dissected. All procedures were approved by the Interfaculty Biomedical Research Institute of the University of Heidelberg, Germany, in accordance with federal guidelines. Single cells were isolated from whole Anolis brain, using the papain dissociation kit (#LK003150; Worthington Biochemical Corporation) according to the manufacturer's instructions. Briefly, the whole Anolis brain was slightly minced and incubated at 37°C in papain solution for 60 min, under constant agitation. Debris was removed by density gradient centrifugation contained in the papain dissociation kit. Cells were then resuspended in ice cold HBSS solution (#H8264; Sigma-Aldrich) with 0.3% glucose and filtered through a 20-µm cell strainer (#43-50020; pluriSelect Life Science). Cells were processed using the C1 Single-Cell Auto Prep System (Fluidigm Corporation) with the SMARTer Ultra Low RNA Kit (#634833; Takara -Clontech). Cells were counted using Trypan blue staining with the LUNA automated cell counter (#KR-41; Logos Biosystems) and used in a concentration of 700 cells/µL. For loading of an IFC microfluidic chip (#100-5759; Fluidigm Corporation) designed for 5 to 10 µm cells, 6 µL cell suspension and 4 µL C1 suspension reagent were mixed and loaded with the mRNA Seq: Cell Load script. The chip was then inspected, using a bright field microscope, for capture sites that contain a single, viable cell. Doublets and dead cells were in this way excluded from further processing. Lysis, reverse transcription, and cDNA amplification were performed in the C1 system according to the manufacturer's instructions. Subsequent library preparation was done using the Nextera XT DNA Library Preparation Kit (#FC-131-1024; Illumina Inc.) as recommended in the C1 user guide. Library molar concentration was quantified by Qubit Fluorometer (Thermo Fisher Scientific Inc.), and fragment length was assessed using a Bioanalyzer 2100 (Agilent Technologies). In total, eight cells were sequenced on a MiSeq sequencer (Illumina Inc.) using a paired-end protocol (75 nt). Six cells were used for downstream analysis based on the ratio of mitochondrial reads to total genomic reads. 
Genome data generation
We generated DNA-seq libraries for one male and three female green anoles (i.e., for the same individuals for which bulk tissue or single-cell RNA-seq data were produced) and a male Fiji banded iguana using the Illumina TruSeq DNA protocol for short insert size (target size 400-450 nt). The paired-end DNA-seq libraries were sequenced on Illumina HiSeq 2500 sequencers (100-nt paired-end reads per genome for bulk tissue RNA-seq analyses and 75-nt paired-end reads for single-cell analyses) (Supplemental Table S2 ).
Native ChIP-seq data generation Native chromatin immunoprecipitation (ChIP) was performed as previously described (Pradeepa et al. 2016 ) with some modifications. Specifically, ∼20 mg of frozen brain and liver tissue sample from Anolis was ground in liquid nitrogen into fine powder. The powder was resuspended in 5 mL of ice-cold buffer 1 containing 0.3 M sucrose in 60 mM KCl, 15 mM NaCl, 5 mM MgCl 2 , 0.1 mM ethylene glycol-bis N,N,N ′ ,N ′ -tetraacetic acid (EGTA), 15 mM Tris-HCl (pH 7.5) 0.5 mM Dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich), and 1× protease inhibitor mix (Sigma-Aldrich). The cell suspension was homogenized by manual douncing (tight) for 10 times on ice and then transferred to a 14-mL polypropylene tube and spun down in a swing-out rotor at 6000g for 10 min at 4°C. The supernatant was discarded, and cells were resuspended in 2 mL of ice-cold buffer 1. Then, 2 mL of ice-cold buffer II (buffer 1 + 0.4% [v/v] IGEPAL CA-630 [Sigma-Aldrich]) was added, mixed by pipetting gently, and placed on ice for 10 min. Nuclei were pelleted at 2000g for 3 min at 4°C, then washed with NBR buffer (85 mM NaCl, 5.5% sucrose, 10 mM Tris-HCl [pH 7.5], 3 mM MgCl 2 , 1.5 mM CaCl 2 , 0.2 mM PMSF, and 1 mM DTT) and pelleted at 2000g for 3 min at 4°C. Nuclei were resuspended in NBR buffer, supplemented with RNase A (20 µg/mL), and incubated at 20°C for 5 min. Chromatin was fragmented for 30 min at 20°C using 0.133 U/μL microccocal nuclease (MNase, Boehringer units; #N3755-500UN; Sigma-Aldrich; titrated to give predominantly mononucleosomes). Digestion was stopped with the addition of an equal volume of STOP buffer (215 mM NaCl, 10 mM Tris-HCl [pH 8], 20 mM EDTA, 5.5%, sucrose, 2% Triton X-100, 0.2 mM PMSF, 1 mM DTT, 2× protease inhibitors), and digested nuclei were left on ice overnight to release soluble, fragmented chromatin. Chromatin was precleared by centrifugation at 12,000g for 10 min at 4°C, and the soluble chromatin (supernatant) transferred to a fresh tube. Five percent of the released chromatin was retained as input and the remainder incubated for 4 h at 4°C on a rotating wheel with ∼5 µg of H4K16ac antibodies (#07-329; Millipore) precoupled to protein A Dynabeads (#10002D; Life Technologies) in PBS containing 5 mg/mL BSA and 0.1 mM PMSF. Immune complexes bound to beads were washed 5× with wash buffer 1 (150 mM NaCl, 10 mM Tris-HCl [pH 8], 2 mM EDTA, 1% NP40, and 1% sodium deoxycholate) on a rotating wheel for 5 min each and once in room temperature TE buffer for 1 min. Chromatin was released from the beads by incubation with 0.1 M NaHCO 3 /1% SDS for 30 min at 37°C, and Dynabeads were separated from eluted chromatin using a magnetic rack followed by the addition of proteinase K (100 ug/mL) and Tris [pH 6.8] (100 mM) and incubation at 55°C overnight. The DNA was purified using QIAquick PCR Purification columns (Qiagen) according to the manufacturer's instructions. Five nanograms of input and ChIPed DNA were used to prepare sequencing libraries using a NEBNext Ultra II Library Prep Kit as described by the manufacturer (#E7645S; New England BioLabs). Libraries were sequenced (75-nt, paired-end) using Illumina HiSeq 4000 machines at the Edinburgh Genomics facility (University of Edinburgh).
X Chromosome genes
In the published anole genome sequence, the assembled X Chromosome contains 131 protein-coding genes (Alfoldi et al. 2011; Eckalbar et al. 2013) . A large number of additional genes (243 genes) were predicted to be X-linked using a PCR-based approach (Rovatsos et al. 2014b ) and based on their orthology to Chromosome 15 of chicken (Rupp et al. 2017) . To confirm the X gene repertoire, we assigned unassembled contigs following a previously established procedure to the X Chromosome, taking advantage of the male/female DNA-seq data and differences in read coverage that assigns X-linkage of contigs based on a (twofold) higher read coverage in females compared to males (Cortez et al. 2014) . A total set of 313 Anolis X Chromosomal genes was used for all further analyses (Supplemental Table S5 ).
Assembly of Y-linked transcripts
To assemble Y transcripts in Anolis, we used a subtraction approach previously developed and applied in a mammalian/avian study (Cortez et al. 2014) . To further increase the accuracy of the Y transcriptome reconstructions, we established a curated RNA-seq database enriched in Y-specific reads. Specifically, we first removed all reads with ambiguous nucleotides (e.g., N, R, Y) and mapped the remaining RNA-seq reads from male tissues with TopHat2 (v2.0.10) (Kim et al. 2013) to the Anolis carolinensis female reference genome downloaded from the Ensembl database (version 81; www.ensembl.org). Male reads not mapping to the reference genome or mapping with more than two mismatches were labeled and considered in downstream analyses. Next, based on the female RNA-seq data, we constructed a hash of 35-base pair (bp) k-mers following a previous procedure (Akagi et al. 2014) . We calculated the frequency of these 35-bp k-mers and removed those showing frequencies below 10; we did not consider rare k-mers as part of the overall signature of the female transcriptome. The use of kmer hashes has been shown to be very efficient in removing most of the sex-unspecific reads (Carvalho and Clark 2013; Akagi et al. 2014) . We then aligned the selected 35-bp k-mers to the male unmapped reads using Bowtie 2 (2.1.0) (Langmead and Salzberg 2012) , allowing no mismatches and registering successful alignments. We selected only those male reads showing zero alignments. We assembled the transcriptomes using these putative male-specific reads for male tissues individually and for male tissues combined with Trinity (v2.0.2; default k-mer of 25 bp) . To validate true Y transcripts, we sought to align male and female Illumina genomic reads to all reconstructed transcripts that were longer or equal to 500 bp using BLASTN (Altschul et al. 1990 ), requiring 100% alignment identities. The aforementioned filters resulted in <10% of the transcripts showing alignments of female genomic reads. The BLASTN searches were also crucial to distinguish between actual male-specific sequences from Anolis and assembly errors or contaminations (e.g., sequences from bacteria, fungi, viruses). As a final Y-transcript validation step, we screened male/female genomic DNA (extracted using a standard phenol/chloroform protocol) using a PCR approach (Cortez et al. 2014) . (A list of primer sequences is available in the "Transcriptome data generation" section.)
Reconstruction of Y-and X-linked genes in the Fiji banded iguana
For the Fiji banded iguana, we applied a previously established genomic approach to reconstruct Y and X gametologs (Cortez et al. 2014) . This approach seeks to identify orthologous genes of known Y and X genes in a given species on the basis of high-throughput genomic sequencing data. Briefly, we first used BLASTN (Altschul et al. 1990 ) searches to identify the reads in the high-throughput iguana DNA-seq data (at approximately 15× coverage) with the highest similarity to the Y and X Anolis genes, respectively. The selected reads were assembled with Trinity ) to obtain the final sequences. We verified that these reconstructed sequences did not belong to other genes by aligning the Y and X gametologs with the Anolis' orthologous sequences using MUSCLE (v3.8.31 ) (Edgar 2004) and by performing BLASTN and BLASTX searches of the reconstructed sequences against sequences in the NCBI GenBank database (www.ncbi.nlm.nih.gov/ genbank).
Assignment of Y gene names and X gametologs
To establish Y gene identity and to identify the X gametolog sequences, we searched Ensembl-annotated gene sequences and NCBI GenBank (www.ncbi.nlm.nih.gov/genbank) for the closest homolog using BLASTN and BLASTX (matches were confirmed using visual inspection of sequence alignments). Contigs without any significant match in the databases and without clear open reading frame predictions were considered to be noncoding. We identified coding sequences in the Y transcripts based on MUSCLE (Edgar 2004) and PRANK (Loytynoja and Goldman 2005) alignments using annotated gametologs and orthologous genes. We note that the RNA-seq-based Y transcript reconstructions are expected to usually yield the most frequent isoform for a given Y gene. Functions of Y-linked genes were obtained from genecards (www.genecards.org).
Phylogenetic analysis
First, we aligned coding sequences of Y/X gametologs from Anolis and the Fiji banded iguana to their one-to-one orthologous sequences from Pogona, Elaphe guttata snake, chicken, zebra finch, alligator, Chinese soft-shell turtle, Trachemys scripta turtle, mouse, human, and Xenopus tropicalis using PRANK (Loytynoja and Goldman 2005) . One-to-one orthologous sequences were obtained from the Ensembl database (version 81; www.ensembl. org) and the Reptilian Transcriptomes v1.0 and v2.0 database (Tzika et al. 2011 (Tzika et al. , 2015 . We used three phylogenetic methods to assess the origin of seven Y/X gametologs and the concatenated stratum 1 gene set (RPL6 and PPP1CC): (1) A Bayesian-based phylogenetic reconstruction using MetaPIGA (Helaers and Milinkovitch 2010 ) with the GTR model but without invariable sites, 110 replicates with 200 iterations each, trees sampled every five generations. (2) A Bayesian-based reconstruction using MrBayes (Ronquist et al. 2012 ) with the GTR model, gamma distribution, and invariable sites, 10 6 generations, sampled every 1000 generations until the average standard deviation of split frequencies converged and was below 0.01 and the PSRF was close to 1 for all parameters. (3) A phylogenetic tree and bootstrapping values using PhyML (Guindon et al. 2010) (parameters: -i gene_file. phy -d nt -q -f m -t e -v e -a e -b 1000 --use median) with estimated site variation, gamma distribution, and 1000 bootstrap replicates. Individual phylogenetic reconstructions for XY gametologs and 1:1 orthologous genes are shown in Supplemental Figures S2-S4.
Nonsynonymous and synonymous substitution analyses
Pairwise alignments of coding sequences of XY gametologs were obtained using PRANK (Loytynoja and Goldman 2005) based on encoded amino acid sequences. d S values were then calculated using codeml (pair-wise option) as implemented in the PAML package (Yang 1997) . To assess the age at which the sex chromosome system originated, we followed a previous procedure (Cortez et al. 2014) . Specifically, we used the codeml free-ratio model, as implemented in the PAML package (Yang 1997) ; for the concatenated sequence alignment of stratum 1 genes (RPL6 and PPP1CC), we used Y/X gametologs from Anolis and the Fiji banded iguana and the 1:1 orthologous sequences from the aforementioned tetrapod species. We used the species tree as a reference and applied a bootstrapping method to run the codeml free-ratio model for 100 replicates. We collected the median branch lengths just before (split of E. guttata lineage) and after the stratification (Anolis/iguana split for the Y branches and Pogona split plus Anolis/iguana split for the X branches). The values after the stratification were adjusted (Cortez et al. 2014 ) because Y sequences accumulate more mutations per generation due to the generally higher mutation rates in males (Wilson Sayres and Makova 2011) . To obtain an age estimate of the sex chromosome origin, we compared the branch length before the stratification (i.e., separation of Y and X clades), the adjusted branch lengths after the stratification (Y and X branches have the same length) and the total time that passed between species divergence times; that is, the time that passed between the snake split (median value of 167 million years ago [mya] ) and the Pogona split (median value of 157 mya) corresponds to 10 million years. The median species divergence times were retrieved from the TimeTree database (www.timetree.org) (Hedges et al. 2006) . TimeTree also provides 95% confident intervals for each divergence time. Therefore, in order to obtain the 95% confident intervals for the sex chromosome origin, we repeated the calculations, but instead of using the median values for the speciation events, we used the maximum and minimum values from the 95% confident intervals: snake split (maximum of 179 mya and minimum of 155 mya) and Pogona split (maximum of 177 mya and minimum of 138 mya).
RNA-seq read mapping and expression analyses
All RNA-seq reads were mapped to genomes from version 77 of Ensembl (Yates et al. 2016 ) using the GSNAP short-read alignment program (Wu and Nacu 2010) . Gene expression estimates of protein-coding genes (fragments per kilobase of transcript per million mapped reads, FPKM) were performed using Cufflinks (v2.2.1) . In case multiple samples from different male/female individuals were available for a given tissue, the median expression was used. Normalization across samples was performed using a previous median scaling procedure (Brawand et al. 2011) . The tissue specificity index (TSI) for a given gene was calculated as the expression level (FPKM) in the tissue with the highest expression level divided by the sum of expressions values in all tissues (Julien et al. 2012 ).
Assessment of allelic expression
For each data set type (i.e., bulk tissue and single-cell), SNPs were assessed in DNA-seq libraries that match the female individuals for which RNA-seq data were produced. Specifically, Bowtie (v1.1.2) was used to align the reads in unpaired mode after removal of low quality reads (Q < 33). Duplicate reads were removed with Picard-tools (v2.6.0). The resulting BAM file was used to call SNPs with SAMtools (v1.3) and BCFtools (v1.3.1). Only SNPs with a genomic coverage of at least five reads and with a ratio of reads supporting the alternative allele between 0.2 and 0.8 were selected. The selected SNPs were then used to compute the expression of different alleles in the X Chromosome. A minimum of five RNA-seq reads covering the SNPs were required in order to www.genome.org 
ABPP1 expression profile in Pogona
The genome sequence of Pogona, the corresponding gene annotations, and RNA-seq data from male and female somatic tissues (brain, heart, kidney, liver, and lung) were obtained from the Pogona genome project (Georges et al. 2015) . RNA-seq reads from male and female tissues were mapped to the reference genome using HISAT2 (v2.0.2) (Kim et al. 2015) . Gene expression estimates and FPKM normalization were performed using Cufflinks (v2.2.1) ).
Global expression level comparisons
Comparisons of expression levels between genes on current/ancestral and male/female chromosomes were carried out as previously described (Julien et al. 2012; Cortez et al. 2014) . Inferred ancestral expression output values were calculated per single gene copy/allele; that is, the obtained values were divided by 2.
ChiP-seq (H4K16ac) data analyses
All paired-end reads, for the immunoprecipitated and for the input samples, were quality-checked using FastQC (v0.11.5) (http:// www. bioinformatics.babraham.ac.uk/projects/fastqc); only positions with a minimum Phred score of 25 were retained. Filtered reads were then mapped to the A. carolinensis reference genome (Ensembl v77) using BWA (v0.7.15) (Li and Durbin 2009) . The resulting BAM files were used to obtain coverage estimates (FPKM) along the genome for both the input and the immunoprecipitated samples over a window size of 50 bp; input samples were normalized for GC content using a dedicated protocol (Benjamini and Speed 2012) . In order to allow comparisons between different samples and across genomic features (e.g., autosomes vs. sex chromosome, intergenic vs. genic regions), the data were normalized by library size, and all samples were input-normalized by dividing the read counts of ChIPed samples by the read counts in the corresponding input over a window size of 50 bp; these analyses were performed using the standalone version of deepTools (v2.4.0) (Ramirez et al. 2016) . Statistical analyses and data visualization were achieved using custom scripts in R (v3.3.2) (R Core Team 2016).
Identification of male-biased genes
Male-biased genes were defined as genes having expression levels of FPKM > 5 and consistently showing at least 1.5 times higher expression levels in males than in females in all somatic organs.
Scripts
All the scripts used to produce the present results are available as Supplemental Material (Supplemental_Scripts.zip).
Data access
Raw and processed data sets from this study have been submitted to the NCBI Gene Expression Omnibus (GEO; http://www.ncbi. nlm.nih.gov/geo/) under accession numbers GSE97367 (bulk-tissue RNA-seq, DNA-seq, and ChIP-seq) and GSE100976 (singlecell RNA-seq and DNA-seq) and are part of the BioProject (https ://www.ncbi.nlm.nih.gov/bioproject/) PRJNA381064. The Sanger traces of the PCR products used for sexing the embryonic samples are available as supplemental files (Supplemental_Data.zip).
